In order to establish the molecular taxonomy of the genus Rhizopus, all described species of the genus were collected and the nucleotide sequences of the internal transcribed spacer of the rRNA gene (rDNA ITS), actin, and translation elongation factor 1 (EF-1) were determined. Quantitative real-time PCR revealed that R. americanus had a R. stolonifer-type ITS sequence as the dominant sequence type, although it had three different types of ITS sequences in a single genome. Phylogenetic analysis and gene genealogy concordance phylogenetic species recognition (GCPSR) identified eight species in the genus, whereas recent morphological taxonomy includes 10 species. R. niveus is proposed to be re-classified as R. delemar, and R. sexualis and R. americanus are re-classified as R. stolonifer.
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Rhizopus is one of the genera in Mucoromycotina, which includes many organisms that are often used as starters in food fermentation, especially in east and southeast Asia. 1) Strains of the genus Rhizopus have been studied variously as to their phylogeny, physiology, genetics, and biochemistry. The current classification of the genus is based on revisions by Schipper 2) and Schipper and Stalpers, 3) which were based on growth temperature, sizes of sporangia and sporangiophore, and branching of rhizoids. After this revision, some new species were reported. [4] [5] [6] [7] Classification based on morphological data is a historically accepted, standard method in fungal taxonomy, but sometimes it does not reflect phylogenetic relationships. From that point of view, taxonomical study based on morphological features, which utilizes molecular information such as rDNA sequences and DNA-DNA complementarity as supplemental data, has been accepted by researchers. 8, 9) Recently, Zheng et al. 10) re-classified the species in the genus into 10 species and seven varieties, based on morphological features and supplemental phylogenetical data due to Liu et al., 11) which used the rDNA ITS sequence and the pyrG sequence to determine the phylogenetic relationships among the 10 species of the genus.
However, the classification should be revised, because of obscurities in phylogenetic analysis and species recognition. One of the most important obscurities is the rDNA ITS sequence of R. americanus. Abe et al.
found that R. sexualis var. amricanus (later reclassified as R. americanus by Zheng et al. 10) ) has three distinct sequences of rDNA ITS, similar to R. stolonifer, R. microsporus, and R. oryzae.
12) But Liu et al. could not amplify the three different sequences except for one, similar to R. oryzae, and they concluded that R. americanus is phylogenetically distinct from R. sexualis.
11) By proving that R. americanus contains three distinct sequences in its genome, and by clarifying which is the corresponding sequence of rDNA ITS for R. amrericanus, the proper phylogeny should be obtained.
Another obscurity in the current classification is species recognition. Morphological taxonomy often utilizes subcategories such as variety for minor variants in taxonomical characteristics, but no clear definition of the level of morphological difference of the variant suitable to be recognized as variety or species has been proposed. Zheng et al. used phylogenetic similarity as support data in the classification of varieties of R. microsporus, but simultaneously they classified R. arrhizus var. delemar and R. niveus as distinct species, although they shared all the sequences of PyrG and rDNA ITS. 10) Thus the molecular data and the usage of them are not appropriate in the current taxonomy of the genus Rhizopus.
The aim of this study was establishment of the taxonomy of the genus Rhizopus based on a more objective methodology. For that purpose, a taxonomy based on molecular data, which is fundamentally objective and can be obtained by less specialized techniques, would be more suitable than morphological taxonomy, which requires well-developed technique and knowledge not only for morphology, but also for the culture method.
For molecular taxonomy, a reliable molecular phylogeny of the genus is necessary. Abe et al. made the first study of the molecular phylogeny of the genus Rhizopus, based on the nucleotide sequence of rDNA. 12) Their study revealed that the molecular phylogeny confirmed the three-part grouping of the genus by Schipper et al., 2, 3) but they did not propose a new taxonomy, because the multiple sequence of rDNA ITS in R. sexualis var. americanus, as mentioned above, prevented proper evaluation of the phylogenetical relationships of the species. Later, Liu et al. used the rDNA ITS sequence and the pyrG sequence to solve the phylogenetic relationships among the 10 species, including R. niveus and R. microsporus var. tuberosus, y To whom correspondence should be addressed. Fax: +81-11-706-4961; E-mail: sonet@chem.agr.hokudai.ac.jp Abbreviations: rDNA, ribosomal RNA encoding DNA; ITS, internal transcribed spacer; AFLP, amplified fragment-length polymorphism; EF-1, elongation factor 1; GCPSR, gene genealogy concordance phylogenetic species recognition which were not included in the previous study. 11) They distinguished eight species in the current classification by Zheng et al., 10) but did not accomplish a molecular re-classification of genus using the phylogenetic data.
A method of species recognition is also necessary for molecular taxonomy. One possibly, reliable method is genealogical concordance phylogenetic species recognition (GCPSR). 13) This is based on concordance of multiple gene genealogies, and makes it possible to recognize species clearly from phylogeneic data. It has been applied for fungal species recognition. For the genus Rhizopus, Abe et al. used GCPSR to re-classify R. oryzae, which resulted in a division of R. oryzae into R. oryzae and R. delemar. 14) In order to establish an objective, phylogeny-based taxonomy in this study, we utilized the real-time PCR method to select a representative sequence from the multiple sequences of the rDNA ITS of R. americanus. The DNA sequences of the actin gene (act1) and translation elongation factor 1 (EF-1) were also used in phylogenetic analysis, in order to use the species recognition of R. oryzae and R. delemar, previously performed. 14) A GCPSR-based taxonomy of the genus is proposed.
Materials and Methods
Strains and growth media. The strains used in this study are listed in Table 1 . All the strains were obtained from the NITE Biological Resource Center (NBRC, Kisarazu, Japan) and the Centraalbureau voor Schimmelcultures (CBS, Utrecht, Netherlands). For preservation and serial transfer, potato dextrose agar (Difco, Detroit, MI) was used. The medium for DNA preparation was malt extract medium (malt extract, Difco, 20 g/l, polypeptone, Nihon Pharmaceutical, Tokyo, 1 g/l, and glucose 20 g/l). For purification of R. americanus, a zygospore, which was produced on the mycelia of the homothallic species, was serially transferred onto a fresh potato dextrose agar medium.
DNA extraction. Each microorganism was grown aerobically by shaking at 27 C for 3 d using 40 ml of medium in a conical flask. The fungal cells were filtered, air-dried, and lyophilized overnight. The genomic DNA of each strain was extracted from the lyophilized cells by the method of Sone et al. 15) For additional purification of the DNA of R. americanus, a DNA clean-up Kit (Promega, Madison, WI) was used following manufacturer's protocol.
PCR reactions. Primers for the amplification of ITS, EF-1, and act1 are described in Abe et al. 14) All PCR amplifications were performed in a total 50 ml of reaction mixture containing 100 ng of template DNA, 10 pmole of each primer, and 45 ml of Platinum PCR SuperMix high Fidelity (Invitrogen, Carlsbad, CA). The reaction conditions were as follows: initial denaturation at 94 C for 2 min, 35 cycles of denaturation at 94 C for 30 s, annealing at 55 C for 30 s, and extension at 68 C for 1 min. A final 5 min of chain elongation at 68 C was carried out after cycling completion in a model 9700 thermal cycler (Applied Biosystems, Foster City, CA). In the case of R. americanus, in addition to the conditions above, AmpliTaq Gold DNA polymerase (Applied Biosystems) and KOD-plus-ver. 2 (Toyobo, Osaka, Japan) were used. In the reaction with AmpliTaq Gold, the Platinum PCR SuperMix high Fidelity was replaced with a total 45 ml mixture consisting of 5 ml of 10Â AmpliTaq Gold Buffer, 5 ml of deoxynucleotide triphosphate (2 mM each), 3.5 ml of 25 mM MgCl 2 solution, and 2.5 U of AmpliTaq Gold DNA polymerase. Thermal cycling was performed with a 72 C extension. In the reaction with KOD-plus-ver. 2, the components of the mixture other than the template DNA were 15 pmole of each primer, 5 ml of 10Â Buffer for KOD-plus-ver. 2, 5 ml of deoxynucleotide triphosphate (2 mM each), C for 1 min. All PCR products were separated by electrophoresis in 1.5% agarose gels, stained ethidium bromide, visualized with a UV transilluminator, and photographed.
Quantification of ITS sequence copy number in R. americanus by real-time PCR. The primer pairs for amplification of the ITS types are listed in Table 2 . In order to check the amplification efficiency of each primer set, conventional PCR was performed prior to real-time PCR using two PCR enzymes, Platinum PCR SuperMix high Fidelity and KOD-plus-ver. 2, with the same reaction mixture compositions as those for full-length ITS amplification. The thermal cycling conditions were the same as above, except that the extension was carried out for 30 s. Finally, the copy number of each sequence type was quantified using SYBR Green ER qPCR SuperMix for ABI PRISM (Invitrogen), which includes Platinum Taq as the DNA polymerase, with serial dilution of the plasmid clone containing the target DNA as the quantity standard. The reaction mixture contained 1 ml of template DNA (100 ng for fungal chromosomal DNA and serially diluted plasmid DNA as standards), and 0.5 ml of the 10 mM primers, in a total of 25 ml of 1Â SYBR Green ER supermix. Reactions were performed by the ABI 7000 sequence detection system (Applied Biosystems) under standard reaction conditions. Amplification was performed in triplicate.
Cloning of PCR products. The PCR products were purified using Microspin S-400HR (GE Healthcare, Buckinghamshire, UK), and were used for ligation into pGEM-T Easy (Promega). Ligation was conducted following the protocol supplied by the manufacturer. The ligation products were precipitated with ethanol and then used in the transformation of E. coli TOP10 (Invitrogen). White colonies on an LB-ampicillin-Xgal-IPTG plate were chosen, and the molecular weights of the inserted DNA were checked by colony-direct PCR using M13 forward and reverse universal primers. The plasmids were extracted from the liquid culture and a plasmid with a different insert was used in sequencing analysis.
Sequence and phylogenetic analyses. The PCR products were purified by Microspin S-300HR (GE Healthcare). The sequencing reaction was performed using a BigDyeÔ Terminator Cycle Sequence Ready Reaction Kit (Applied Biosystems), and was analyzed with an ABI PRISM 3100 Genetic Analyzer or an ABI PRISM 310 Genetic Analyzer (Applied Biosystems). The sequence data obtained in this study were deposited in the DDBJ/EMBL/GenBank database under the accession numbers listed in Table 1 . Clustal X 16) was used for the alignment of the sequences and Neighbor-joining clustering. PAUP Ã ver. 4.0b10 software 17) was used for the parsimonious clustering of R. microsporus strains.
Results
Multiple types of R. americanus ITS sequence In a previously study, three different ITS sequences were amplified from R. americanus CBS340.62
T . Recently Liu et al. reported failure of amplification of multiple ITS sequences. Hence amplification of multiple ITS sequences was first confirmed. Using a single batch of chromosomal DNA extracted from R. americanus CBS340.62
T , the ITS sequence was amplified using the universal primer pair ITS4 and ITS5 8) independently with three PCR enzymes (Fig. 1A) . AmpliTaq Gold amplified a 600-bp DNA band, which corresponded to the R. oryzae-type sequence (611 bp). Platinum Taq, however, amplified a 750-bp band, which corresponded to the R. stolonifer-type sequence (747 bp). KOD-plusamplified both sequences. Further, in the plasmid clone library constructed with the KOD-plus-amplified mixture we identified plasmid clones that contained the R. microsporus-type ITS sequence (data not shown). These results confirm that multiple ITS sequences are included in the genome of R. americanus.
In order to identify an ITS sequence representative of R. americanus, the copy number of each ITS sequence was determined by real-time PCR, using the primer pairs specific to each type of ITS sequence. Prior to the realtime PCR reaction, amplification efficiency was checked using primers designed for real-time PCR with two different PCR enzymes, KOD-plus-and Platinum Taq (Fig. 1B) . The two PCR enzymes caused amplification of bands corresponding to the desired sizes, with similar quantities. In addition, KOD-plus-caused the amplification of many non-specific bands on R. microsporustype amplification. Accordingly, Platinum-Taq was selected for real-time PCR analysis.
Liu et al. indicated the possibility of impurity of the culture as the reason for the amplification of multiple ITS sequences. 11) In order to avoid the possibility of contamination, DNA samples were extracted from mycelia of the stock culture and two serially transferred cultures of a single zygospore, and were used as templates in real-time PCR analysis. The copy number of each type of ITS sequence was estimated by absolute quantification using plasmid clones containing each target sequence as the quantity standard. The real-time PCR results (Table 3) indicate that the R. stolonifer-type sequence dominates other types in a proportion of 10 5 :1. In addition, the proportion did not vary among the three different batches of the DNA sample, indicating that A, the rDNA ITS sequence was amplified from R. americanus chromosomal DNA using AmpliTaq Gold (lane 1), KOD-plus-ver. 2 (lane 2), or Platinum Taq High Fidelity (lane 3), and electrophoresed in 1% agarose gel with a molecular size marker (lane Mw). B, The three ITS sequences were amplified using specific primers (O for the R. oryzae-type, M for the R. microsporus-type, and S for the R. stolonifer-type), and two different PCR enzymes. The PCR enzymes used are indicated above the lanes. Lane Mw contains the molecular size marker. Sizes are given in kb.
presence of multiple ITS sequences is not due to contamination. Based on this result, the R. stolonifertype ITS sequence was used as the representative sequence for R. ameicanus in subsequent phylogenetic analyses. A similar multiplex ITS sequence was detected in R. sexualis, but that sequence was not diversified as R. americanus, and did not affect the phylogeny. 12) Therefore, one representative sequence of each strain was used for phylogeny in this study. In addition, no such multiplex ITS sequence was found in the other species of the genus.
12)
Molecular phylogeny Molecular phylogenetic analyses based on the ITS, act1, EF-1 sequences were performed by the neighborjoining method (Fig. 2) . The Phycomyces blakesleeanus sequence for each molecule was retrieved from a genomic sequence database (http://genome.jgi-psf.org/ Phybl1/Phybl1.home.html), and was used as an outgroup. In each of the three phylogenetic trees, a large cluster for the R. oryzae-R. delemar group was found. The nucleotide sequences of R. niveus completely matched and co-clustered with R. delemar in all three trees. This indicates that R. niveus can be re-classified as R. delemar, because R. delemar is an older name proposed by Hanzawa in 1912 18) older than R. niveus, which was proposed by Yamazaki in 1919. 19) Another common feature among the three phylogenetic trees is the appearance of a major cluster of an R. microsporus-related species group. This group contains six varieties of R. microsporus. The number of species within this large cluster was estimated by GCPSR based on parsimony trees (Fig. 3) . Each of the three trees of this group showed a distinct topology. A distinct subcluster consisting of two strains of R. microsporus var. rhizopodiformis was observed in the tree of EF-1 but not in other two trees, whereas R. microsporus var. tuberosus CBS113206 co-clustered with two strains of R. microsporus var. microsporus in the act1 tree, but not in the other two trees. This variation in topology among the trees indicates that the R. microsporus-related strains should be re-classified as a single species, R. microsporus.
Another major cluster occurring in common in the three phylogenetic trees in Fig. 2 is the cluster consisting of R. reflexus, R. stolonifer, R. sexualis, and R. americanus. A GCPSR consideration was attempted using parsimony (Fig. 4) . Two distinct clusters, one of R. reflexus and the other of R. sexualis and R. americanus, were appeared in common in all three trees.
A cluster of R. stolonifer appeared in the ITS tree and the EF-1 tree, whereas a monophyletic cluster of R. stolonifer, R. sexualis, and R. americanus appeared in the act1 tree. Based on this clustering, R. reflexus can be recognized as a species, and the other four members of this cluster, might be re-classified as a single species, R. stolonifer. However, there is a tendency to divide into two species, R. stolonifer and R. sexualis.
R. schipperae, R. homothallicus, and R. caespitosus did not show strong relationships with the other species in any of the phylogenetic trees. A relatively high bootstrap value of the cluster including R. schipperae and R. homothallicus was observed in the act1 and the EF-1 trees, but they were separately clustered in the ITS tree. These should be conserved as independent species in the molecular taxonomy.
Discussion
The rDNA ITS sequence is a widely-used sequence in phylogenetic analysis, but the co-existence of multiple sequence types in a single genome is an important problem of molecular taxonomy. Quantification of the nucleotide sequence using real-time PCR is a rapid and reliable technique, and is generally used in gene expression analysis and microflora characterization. 20) We utilized this technique to quantify each ITS sequence type within the genome of R. americanus. The majority of the ITS sequence type in R. americanus was found to be a stolonifer-type sequence, which dominated the other types in a 10 5 :1 ratio. Liu et al.
11)
could not amplify the stolonifer-type or microsporustype sequences, even though they used specific primers designed for each type of sequence. The reason for their failure in amplification is not clear, but selection of PCR enzyme is a key factor in successful amplification. Our results indicate that AmpliTaq Gold can amplify the R. oryzae-type sequence only, analogously to the results of Liu et al. 11) Successful amplification of other types using KOD-plus-or Platinum Taq confirmed that R. americanus conserved three ITS sequences, as previously found by Abe et al.
12)
The ratio, 10 5 :1, of the rDNA ITS type observed in this study indicates the huge difference of the copy number of ITS sequences. The rDNA cluster in fungi has been reported to contain hundreds of copies of rDNA, but it is impossible to accommodate 10 5 copies of rDNA in a single genome, even though ITS sequence without accompanying the other rDNAs was dispersed throughout the genome as the solo-LTR of retrotransposons, because the genome size of R. delemar, 45. 3 Mb 21) is too small to contain 10 5 copies of 750 bp of ITS sequence. One possibility as to the explanation for this ratio is heterokaryosis. In a single R. americanus strain, three different nuclei can exist in different ratios. But the fact that the serial transfer of a single zygospore, which is expected to contain a small number of nuclei, did not affect the ratio, challenges this explanation. A second possible explanation is the difference in efficiency of the amplification by PCR among the type of the ITS sequence, as discussed above. The selection of a quantitative real time PCR enzyme might affect the ratio, but the enzyme we used, platinum Taq, was the best among those tested, because it amplified all ----------------------------------------------------- sequences without non-specific amplification (Fig. 1B) . In addition, the quantification strategy used in this study was absolute quantification, in which a standard curve for each type of rDNA ITS was made with the cloned standard samples, and this minimized the problem. It appears to be impossible to hit on a clear explanation of the ratio observed in this study, and this is another biological topic to be studied. Based on phylogenetic analysis, the species within the genus Rhizopus can be proposed as follows. R. oryzae and R. delemar were proposed by Abe et al. using GCPSR.
14) R. niveus was found to be included in R. delemar, as it totally co-clustered within the species. The group of R. microsporus-related varieties should be treated as one species, as indicated by GCPSR. R. reflexus should be recognized as an independent species. R. sexualis, R. americanus, and R. stolonifer can be reclassified as R. stolonifer. However, considering the relatively high divergence of sequence and the small number of specimens in this cluster, this conclusion might be modified in further analysis. In fact, these species share morphological and physiological features and have been classified as the R. stolonifer group. 2) However, the clear biological difference that R. stolonifer is heterothallic whereas the other two are homothallic is a strong evidence for the classification into independent species in morphological taxonomy. 2, 10) The remaining three species, R. schipperae, R. homothallicus, and R. caespitosus were verified as species by phylogenetic species recognition. In conclusion, this study identified eight species, R. caespitosus, R. delemar, R. homothallicus, R. microsporus, R. oryzae, R. reflexus, R. schipperae, and R. stolonifer, by phylogenetic species recognition based on GCPSR.
The most recent taxonomical study of the genus Rhizopus was done on a morphological basis.
10) The study recognized 17 taxa, 10 species, and seven varieties, R. americanus, R. arrizhus var. arrhizus, R. arrizhus var. delemar, R. arrhizus var. tonkinensis, R. caespitosus, R. homothallicus, R. microsporus var. microsporus, R. microsporus var. azygosporus, R. microsporus var. chinensis, R. microsporus var. oligosporus, R. microsporus var. rhizopodiformis, R. microsporus var. tuberosus, R. niveus, R. reflexus, R. schipperae, R. sexualis, and R. stolonifer. One major difference between the two processes of species recognition is the subcategory, variety. In morphological species recognition, the term variety is often used to classify individuals that are morphologically distinguishable from other members of the species. There is no clear definition of the appropriate degree of difference for the term variety. In addition, our analyses of R. microsporus indicated that there is no phylogenetic relevance to the term, because R. microsporus var. azygosporus, R. microsporus var. oligosporus, and R. microsporus var. chinensis did not show distinct cluster corresponding to those varieties. Hence we did not consider this term in this study. The species in Rhizopus recognized by morphological features can be reduced to 10 species, R. americanus, R. arrhizus, R. caespitosus, R. homothallicus, R. microsporus, R. niveus, R. reflexus, R. sexualis, R. shipperae, and R. stolonifer. Finally six species, R. caespitosus, R. homothallicus, R. microsporus, R. reflexus, R. shipperae, and R. stolonifer are commonly recognized on basis of morphological and phylogenetical species recognition.
In phylogenetic speciation, R. americanus, R. sexualis, and R. niveus are not recognized, because these species showed strong relationships with other species: former two with R. stolonifer and the later with R. delemar. Zheng et al. 10) cited the difference in the length of the ITS sequence as support for the identification of R. americanus as a species, but the ITS sequence they used was not a relevant sequence in the genome of R. americanus, as shown in this study, and all the sequences identified in this study and the pyrG sequence showed strong relationships with R. americanus, R. sexualis, and R. stolonifer. R. niveus and R. delemar share all the sequence information used in this study and the pyrG gene, and thus should be recognized as one species, R. delemar. R. arrhizus in the morphological species corresponds to R. oryzae or R. delemar in the molecular species in this study. The re-classification of R. arrhizus (formerly R. oryzae) into two species is discussed in Abe et al. 14) In conclusion, a molecular taxonomy utilizing phylogenetic species recognition of the genus Rhizopus recognized most of the morphologically recognized species. The taxonomy obtained in this study is based on three sequences, rDNA ITS, act1, and EF-1, but additional sequence information would not affect the conclusion drastically, because a similar study using the pyrG gene resulted in fundamentally similar phylogeny. 11) This should provide an opportunity to establish molecular methods for the identification of species. The genome sequence information on R. delemar 21) and recent progress in sequencing methods should make it possible to sequence the whole genome of all members of the genus, and make it possible to compare them at the genome sequence level. This should lead to an understanding of the phylogeny of the genus, and the establishment of a taxonomy consistently based on morphology and phylogeny.
